Main conclusion Transformation from q to Q during wheat domestication functioned outside the boundary of threshability to increase yield, grains m −2 , grain weight and roundness, but to reduce grains per spike/spikelet.
Introduction
Wheat (Triticum spp.) was one of the Neolithic founder crops, and played an important role in the transition from hunter-gathering to a sedentary agrarian society in the Near-Eastern Fertile Crescent approximately 10,000 years ago (Lev-Yadun et al. 2000 ). Today's bread (T. aestivum L.) and durum wheats (T. durum Desf.) are still economically important, providing about 20% of the calories and proteins consumed by humans worldwide (Braun et al. 2010) .
Domestication contributes fundamentally to the formation of modern wheats. This process has altered a number of key plant characteristics such as rachis fragility and grain threshability for efficient harvesting, as well as other agronomic traits (Faris 2014) . Wild einkorn (T. boeoticum Boiss.) and emmer (T. dicoccoides Körn.) have brittle spikes that are disarticulated into spikelets and drop to the ground at maturity. Transformation of a brittle into non-brittle spike gave rise to domesticated einkorn (T. monococcum L.) and emmer (T. dicoccum Schübl.), which became the staple crops of early civilization for several thousand years Gill et al. 2007 ). In einkorn, this trait is controlled by two recessive genes mapped on chromosomes 5A m and 7A m (Sharma and Waines 1980; Gill et al. 2007 ), while, in emmer, it is conditioned by three recessive alleles on chromosomes 2AL, 3AS, and 3BS (Watanabe et al. 2002; Peng et al. 2003; Peleg et al. 2011) . With the help of the wild emmer reference genome sequence, those on 3AS and 3BS were identified to be orthologous to the Btr1 and Btr2 genes controlling brittle rachis in barley (Avni et al. 2017 ). Loss-of-function mutations by a 2-bp deletion and a 4-kb insertion in the wild emmer TtBtr1-A and TtBtr1-B, respectively, result into rough abscission scars of spikelets and non-brittle phenotype.
Modern wheats possess not only fully tough rachis but also free-threshing habit. It is believed that the bread wheat acquired its non-brittle rachis feature from the domesticated emmer or durum wheat during the amphiploidization event between the tetraploid wheat (genome AABB) and diploid goat grass (Ae. tauschii Coss., genome DD) (Faris 2014) . The free-threshing character is mainly derived from a soft glume that allows seed to be easily separated from the spikelet. Einkorn and emmer usually have tenacious glumes, while the bread and durum wheats have soft ones. Glume tenacity is under control of the genes in homoeologous group 2: Sog on 2A m S in diploid, Tg2 on 2BS in tetraploid, and Tg1 on 2DS in hexaploid wheats (Kerber and Rowland 1974; Simonetti et al. 1999; Taenzler et al. 2002; Jantasuriyarat et al. 2004) . Moreover, the Q gene on chromosome 5A has major effects on glume tenacity and grain threshability. In hexaploid wheat, Tg1 derived from Ae. tauschii is epistatic to Q, and both the tg1 and Q alleles are required to confer the free-threshing habit. In addition to threshability, the Q gene has been found to pleiotropically affect plant height, spike emergence time, and spike traits such as spike fragility, spike shape (square or speltoid), spike length, and spike compactness (Muramatsu 1963; Jantasuriyarat et al. 2004; Simons et al. 2006) . The Q locus encodes a member of APETALA2 (AP2) transcription factor family (Faris et al. 2003; Simons et al. 2006) . The wild and domesticated einkorn and emmer, T. urartu Thum. ex Gandil. (donor of A genome for hexaploid wheat) and European spelt (T. spelta L.) all possess the primitive q allele, while the bread and durum wheats have the Q allele. Comparison between the q and Q sequences reveals a conserved single-nucleotide polymorphism (SNP) at position 2123 that leads to amino acid substitution from valine to isoleucine, and a synonymous SNP in the microRNA172 target site of exon 10 (Simons et al. 2006; Zhang et al. 2011) . The Q effects are dosagedependent (Muramatsu 1963; Simons et al. 2006) , and the microRNA target site variation makes the Q allele expression higher (Debernardi et al. 2017; Greenwood et al. 2017; Liu et al. 2017 ).
The AP2 class of transcription factors that Q belongs to is characterized by a tandem repetition of two AP2 DNAbinding domains (each consisting of c. 60 amino acid residues), and well known for their roles in the regulation of floral meristem, floral organ identity, and flower development in Arabidopsis (Irish and Sussex 1990; Jofuku et al. 1994; Yant et al. 2010) . The AP2 orthologs in other plants, such as rice (Oryza sativa L.), maize (Zea mays L.), and petunia (Petunia hybrida L.), function similarly in inflorescence development (Maes et al. 2001; Lee et al. 2006; Chuck et al. 2008) . In cereal crops, the inflorescence is the organ bearing seeds that ultimately form grain yield. Thus, modifications in inflorescence architecture may alter floral fertility, seed growth, and, consequently, final yield. Evidence now shows that in addition to its functions for flower development, the Arabidopsis AP2 genes also serve as a determinant of seed number, seed size, and seed yield, as well as the accumulation of seed oil and protein (Jofuku et al. 2005; Ohto et al. 2005) . Given the conserved roles of AP2 among plant species, their effects on agronomically relevant traits could be applied to crops like wheat.
In a previous study using the recombinant inbred line population derived from the cross of the bread wheat variety 'Forno' with the European spelt variety 'Oberkulmer', the Q gene interval on chromosome 5A was associated with thousand grain weight (TGW), grain set, and spike characteristics including grain threshability, glume tenacity, spike length, and spike compactness (Xie et al. 2015) . The current study was conducted to clarify the roles of Q gene in wheat agronomic trait performance through allelic analysis and using mutant lines. We concluded, based on our study, that the transformation from q to Q during wheat domestication increased grain yield, grains m −2 , TGW, and grain roundness as well.
Materials and methods

Plant materials
An F 5 recombinant inbred line (RIL) population, derived from the cross between the Swiss winter bread wheat 'Forno' and Swiss winter spelt 'Oberkulmer' (Messmer et al. 1999) , was used in this study. Forno is free-threshing, harboring the Q allele, whereas Oberkulmer is hulled and non-free-threshing, harboring the q. This mapping population included 226 RILs and varied greatly in spike characteristics.
The Q allele mutants of Chinese Spring (CS), namely mq36, mq125, and mq194, were obtained by exposing the CS grains to 0.4% ethyl methanesulfonate (EMS), followed by screening for the speltoid phenotype in the M 2 families (Simons et al. 2006) . The mq36 and mq125 mutants have point mutations in introns 7 and 2 of the Q gene, respectively, which cause alternate splicing. The mq194 mutant has a single-nucleotide substitution in exon 5, which led to change of a cysteine to a tyrosine (Simons et al. 2006) . The fourth mutant, fndel143, was produced by exposing the CS grains to fast neutrons (5 Gy), followed by screening the M 2 -M 4 plants for spike traits. The resulting fndel143 has a segmental deletion spanning the Q locus (Faris et al. 2003) . These four mutant lines were kindly provided by Dr. Justin Faris (USDA-ARS Cereal Crops Research Unit).
Phenotyping for the field and glasshouse experiments
Two field experiments were carried out for the Forno × Oberkulmer mapping population and described in Xie et al. (2015) . In addition, one glasshouse experiment was conducted in the 2013-2014 season at University of Nottingham Farm, Leicestershire, UK. The grains were sown on 17 December 2013 and then subjected to vernalization at 6 °C for 9 weeks. The seedlings were transferred to 1-litre pots (one plant per pot) filled with the loam-based compost, and arranged according to a randomized complete block design with three replicates. Water, fertilizer (40 kg N ha −1 at early stem elongation) and fungicides were applied to maintain undisturbed plant growth. Evaluation of the CS and four Q mutant lines was conducted in a glasshouse in 2016-2017 at Nanjing Agricultural University Experimental Station, China, using a design similar to the Nottingham glasshouse experiment.
In the field experiments, measurements on spike characteristics, TGW, grains per spike/spikelet, and spikelets per spike were described in Xie et al. (2015) . All the plots were combined and recorded for the fresh grain weight (only partially threshed depending on genotypes) after measuring the actual harvesting areas. Total grain number of the collected sample from a plot was calculated from its fresh weight and the grain number of 10-g subsample taken for threshability analysis. Grains m −2 was the result of the total grain number divided by the harvested area. Grain yield was then obtained based on the plot grain number and TGW. Meanwhile, a yield-related trait, spike dry weight at anthesis, was analyzed by collecting five main spikes exactly at anthesis, followed by oven-drying at 85 °C for 48 h.
Grain length, width, and height were quantified to analyze grain shape. Nine grains equally from the basal, central, and apical parts of five spikes from a plot in 2012 were measured using an electronic caliper (OD-15CP, Mitutoyo, Andover, Hampshire, UK). In 2013, 20 representative grains from a plot were scanned by a desk scanner (Officejet 4500, HP), with the grain crease and lateral side downward in sequence. The images were processed for grain dimensions by ImageJ (NIH, USA; http ://rsbw eb.nih.gov/ij/). The grain dimensions were defined as follows: grain length, the horizontal distance between the embryo and the other end, along the ventral crease; grain width, the maximum horizontal distance between the two 'cheeks' beside the crease; grain height, the maximum vertical distance with the dorsal side upward and the crease downward. The ratios of grain length to width and grain length to height were used to represent grain shape.
For the field traits investigated, threshability, grain yield, grains m −2 , TGW, and grain shape were evaluated for all 226 RILs, while the remaining ones evaluated only in the subsets including 72 RILs in 2012 and 110 RILs in 2013. The latter 110 RILs were also used for the 2013-2014 glasshouse experiment to quantify grains per spike/spikelet and TGW. As to the CS and four Q mutant lines, the spike characteristics, yield components, and grain shape were measured at maturity.
Quantitative trait locus (QTL) mapping
A functional marker of the Q gene on chromosome 5A was developed according to the conserved single-nucleotide polymorphism (SNP) between q and Q at position 2123 that causes amino acid change (I329V) (Simons et al. 2006) . Primers for the cleaved amplified polymorphic sequence (CAPS) marker were designed by dCAPS Finder v2.0 (Neff et al. 2002) and Premier 5.0 (http ://www.prem ierb ioso ft.com/) (forward: CCA AGA GGG ACA ACA TCA TCG and reverse: ATG TTT TAG GAG AGC AGG CGTG). Genomic DNA was extracted from the leaves of young seedlings, following Ma and Sorrells (1995) . PCR was undertaken in a 10-µl volume consisting of 10-20-ng template, 2 pmol each of forward and reverse primers, 2 nmol each of deoxynucleotide triphosphates, 15-nmol MgCl 2 , 0.1-U Taq DNA polymerase, and 1× PCR buffer. PCR was run on a PE9600 thermal cycler (Perkin Elmer, Norwalk, CT, USA), and cycling conditions were the following: 94 °C for 5 min, 36 cycles of 94 °C for 40 s, 58 °C for 40 s, 72 °C for 40 s, and a final extension step at 72 °C for 5 min. PCR products were digested with MboI, separated on a 8% acrylamide/bisacrylamide (29:1) gel for 70 min, and then visualized by silver staining.
In addition to Q, the other 16 markers on chromosome 5A for the Forno × Oberkulmer population were obtained from the GrainGenes database (http ://whea t.pw.usda .gov/ GG2/inde x.shtm l). All the markers were used to construct the genetic map of chromosome 5A using JoinMap v4 (Van Ooijen 2006) . Interval mapping was performed using MapQTL v6 (Van Ooijen 2009). A QTL was declared when its likelihood of odd (LOD) was higher than 3. QTL nomenclature followed the Catalogue of Gene Symbols for Wheat (http ://whea t.pw.usda .gov/GG2/Trit icum /wgc/2008 /).
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Statistical analysis
Best linear unbiased estimates (BLUEs) were generated for each trait over replicates and years using TASSEL v5 (Bradbury et al. 2007 ). Analysis of variance (ANOVA) and multiple comparisons (Fisher's unprotected LSD) were used to test for the significance of genotypic differences. Pearson correlations were performed to identify the relationships between different traits. These statistical analyses were carried out using Genstat v17 and GraphPad Prism v6.05.
Results
Phenotypic variation in the Forno × Oberkulmer RIL population Xie et al. (2015) showed that the Q gene interval was associated with TGW, grains per spike/spikelet, and spike characteristics including grain threshability, glume tenacity, spike length, and spike compactness. To examine the effects of the Q gene interval on other yield traits, grain yield, grains m −2 , grain shape, and spike dry weight at anthesis were investigated. The bread wheat Forno displayed higher grain yield and grains m −2 than the spelt Oberkulmer (Fig. 1) . The two parents also differed substantially in grain shape: Forno showed lower ratios of grain length to width and grain length to height than Oberkulmer did, indicating a rounder grain. In addition, there was a significant difference between the two parents in spike dry weight at anthesis, and Forno had smaller spikes relative to Oberkulmer. Frequency distributions of these yield and yield-related traits in the RIL population were approximately normal (Fig. 1) .
Associations of the Q interval with the spike and yield traits
To conduct QTL mapping of the Q interval for the spike and yield traits, the genetic map of chromosome 5A was reconstructed by combining the Q functional marker. The resulting map covered a total of 233.1 cM, with the Q at 217.2 cM (Fig. 2) . Interval mapping was then performed with this new map, and confirmed the associations of the Q interval with TGW, grain set, and spike characteristics ( Fig. 2 and Table 1 ). In addition, the Q interval was associated with grain yield and grains m −2 , explaining 21.9 and 15.6% of their phenotypic variation, respectively ( Fig. 2 and Table 1 ). For grain shape, this interval showed an association with grain length/height, but not with grain length/width. QTL mapping also identified a significant effect of the Q interval on spike dry weight at anthesis (Fig. 2 and Table 1 ). Fig. 1 Frequency distributions of the yield and associated traits measured in the recombinant inbred line population of Forno (F) × Oberkulmer (O). For each trait, the data are the best linear unbiased estimates over replicates and environments Fig. 2 Genetic map of chromosome 5A and QTL mapping for the spike and yield traits measured in the recombinant inbred line population of Forno × Oberkulmer. The hollow bar represents the chromosome 5A, with the molecular markers on the right and their locations on the left (cM). The filled vertical bars on the right of the chromosome indicate the 2-likelihood of odd (LOD) support intervals of the significant QTLs, followed by their names (see Table 1 for details) 
Allelic analysis of Q
To determine the allelic effects of Q, all RILs were grouped according to their Q genotypes diagnosed by the functional marker (q/Q; Table 2 ). Results showed that the q and Q alleles made significant differences in all traits studied except for spikelets per spike and grain length/width. The Q allele coming from the bread wheat Forno conferred higher threshability, softer glumes, and shorter and denser spikes, while the q allele coming from the spelt Oberkulmer did the opposite. Interestingly, the Q allele was associated with increased grain yield, grains m −2 , and TGW, but reduced grains per spike/spikelet. The q/Q also affected grain shape differently, with the Q allele resulting in lower grain length/ height and consequently rounder grains. Furthermore, smaller spikes at anthesis were observed for the Q allele, in contrast with q. Taken together, selection of the q/Q alleles had significant impacts on yield and yield-related traits apart from spike characteristics in the Forno × Oberkulmer mapping population.
The Q mutations altered the spike and yield traits
To determine whether Q affected the yield traits through pleiotropy or its linkage with other genes, the phenotypes of CS and the four Q mutant lines (mq36, mq125, mq194, and fndel143) were analyzed (Fig. 3) . As expected, the four mutant lines all had tougher glumes, and longer and laxer spikes compared with CS. Importantly, the Q allele mutations generally resulted in more grains per spikelet, and the increases of mq125 and mq194 were highly significant (P < 0.01). TGW was greatly reduced in all mutant lines, while grain length/height was boosted, indicating smaller and slimmer grains. These results confirmed the roles of Q in yield components and grain shape, and it functioned most likely through pleiotropy. In addition, the mutant lines differed among themselves in spike and yield traits, implying distinct maintenance of the Q functions, as seen for the AP2 mutations in Arabidopsis (Ohto et al. 2005) .
Discussion
Transition from the hulled to free-threshing spikes is a key step during wheat domestication , and this process was mainly attributed to appearance of the Q allele mutated from the primitive q. In the current study, the roles of Q gene in shaping spike characteristics were confirmed in the bread wheat Forno × spelt Oberkulmer population and the CS Q mutant lines. Along with improved harvesting efficiency, we proposed that selection for the Q allele over q might also have modified yield and yield components. Utilization of the Q allele could improve grain yield by 18%, which resulted from both increased grains m −2 and TGW (Table 2) . Grains m −2 is an outcome of spikes m −2 and grains per spike, and the latter was actually reduced for the Q allele; therefore, more grains m −2 might be a consequence of increased spikes m −2 . Another possible driver of increased grains m −2 may come from the semi-dwarfing effect of the Q allele on plant height (Kato et al. 2003; Zhang et al. 2011; Debernardi et al. 2017; Greenwood et al. 2017) , just like the contribution of semi-dwarf cultivars introduced during the Green Revolution of the 1960s and 1970s (Foulkes et al. 2011) . Due to unchanged spikelet number per spike, fewer grains per spike derived from the Q allele would be the product of fewer grains per spikelet that had already been observed here. There is evidence that spike/spikelet fertility is largely determined by floret survival before flowering, which is eventually modulated by the preanthesis spike growth (Fischer 2011; González et al. 2011 ). This Table 2 Allelic effects of the Q gene on the spike and yield traits in the Forno × Oberkulmer mapping population a Part of the RILs were excluded for analysis because of failure to amplification for Q or the high degree of heterozygous/non-parental bands at other loci in genome (Messmer et al. 1999 concurs with the present study, where the spike dry weight at anthesis showed positive correlations with both grains per spike (r = 0.63, P < 0.01) and grain per spikelet (r = 0.52, P < 0.01). Genetically, all these traits were found to be associated with Q. The q allele contributed to larger spikes at anthesis and more grains per spike/spikelet. When it was substituted for the Q allele, smaller spikes and subsequently lower spike fertility were produced. On the contrary, higher TGW was observed for the Q allele. These results are in line with the previous reports. Kato et al. (2000) identified a QTL for grain weight at the Q gene interval using singlechromosome (5A) recombinant lines, and the larger grains were associated with the Q allele. When the Q allele was replaced with q through chromosome substitution between CS and wild emmer, grains per spike were significantly increased, whereas grain weight was reduced (Zhang et al. 2011 ). More recently, it was found in tetraploid wheat that truncation mutations in Q resulted in more florets per spikelet (Debernardi et al. 2017) . Likewise, overexpressing the gene of miR172d led to lower expression of Q and more florets, whereas reducing the activity of miR172 showed the opposite effects (Debernardi et al. 2017 ). In the hexaploid wheat background, the loss-of-function mutation of Q′ (the Q allele with a novel SNP in the miR172 binding site) also produced the extra florets as the sham ramification trait (Greenwood et al. 2017 ). Many of the extra florets developed normally and had potential to produce additional grains, which provides another potential explanation for the increased grain number per spike/spikelet associated with q.
In the present study, we cannot rule out the possibility that the effects of Q on grain yield, grains m −2 , and spike dry weight at anthesis in the Forno × Oberkulmer population could stem from other gene(s) closely linked to Q as these traits were not measured in the Q mutant lines. It is believed, however, that this is unlikely in light of the known effects of Q on spike architecture as well as on TGW and grains per spike/spikelet, the major components of grain yield and grains m −2 . Fig. 3 Spike and yield trait performance of the CS and its Q mutant lines (mq36, mq125, mq194, and fndel143). The values represent mean ± SD, and the asterisks indicate significant differences between the CS and mutant lines (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001)
Grain shape does not appear to be a key domestication trait of wheat, in contrast with other crops like rice (Kovach et al. 2007 ). It has recently been targeted in wheat breeding, because spherical grains can improve milling performance and, in turn, increase their market value (Gegas et al. 2010) . In this study, it is proposed that grain shape was also altered, from a slimmer to a rounder one, as a byproduct of selection for the Q allele during domestication. This change was mainly due to reduced grain length/height during the transformation from q to Q. The q plants have tenacious, hard glumes that may act as a direct physical constraint on grain shape. This is supported by a positive correlation between glume tenacity and grain length/height (r = 0.46, P < 0.01). During grain filling, the tenacious glume holds the young grain tightly and forces it along the dorsal side, which would lead to a limit for grain thickening. Indeed, grain height, rather than grain length, showed an association with the Q gene interval, and the q allele from the spelt Oberkulmer contributed to a thinner grain (data not shown). With replacement of the allele q with Q, the soft glume would allow grain to thicken relatively freely, resulting in a thicker and rounder grain as it is today. The maternal physical constraint for grain morphology has been reported in rice. Examples include the GW2 gene of rice that negatively regulates cell division, and loss-of-GW2 function produces a larger spikelet hull and consequently enhanced grain width (Song et al. 2007 ). Moreover, qSW5 gene affects grain width by influencing cell number in the outer glume of the rice flower (Shomura et al. 2008) . During rice domestication, grain shape and glume size might have undergone artificial selection simultaneously (Shomura et al. 2008 ). In wheat, Gegas et al. (2010) hypothesized that domestication has transformed a long thin primitive grain existing in the ancestral wheat species to a rounder modern grain existing in today's varieties. The present study provide evidence that selection for the domestication gene Q responsible for the free-threshing habit might have driven this transformation, which led to co-evolution for grain shape and glume characteristics, concurring with the observation in rice.
In Arabidopsis, AP2 is essential for the establishment of floral meristem and organ identity, and the temporal and spatial regulation of floral homeotic gene expression (Bowman et al. 1989; Irish and Sussex 1990; Yant et al. 2010 ). The ap2 loss-of-function mutations induce defects in inflorescence structure, giving rise to reduced flower fertility, fewer elongated siliques, and fewer seeds per silique as compared with those of wild type (Jofuku et al. 1994; Ohto et al. 2005) . On the other hand, the ap2 mutants produce dramatically larger seeds, which are not solely due to the expense of seed number but a direct control by the mutation likely through its effects on sugar metabolism (Jofuku et al. 2005; Ohto et al. 2005) . The larger seeds resulting from the ap2 mutations are also rounder, though less regular, in shape relative to wild-type ones, possibly because of the change in seed coat that lacks 'epidermal plateau' or columellae (Jofuku et al. 1994; Ohto et al. 2005) . Taken together, the loss-of-function ap2 mutations lead to reduced flower fertility, and larger and rounder seeds. These phenotypic changes are similar to the hypermorphic mutation from the q to Q alleles in wheat as observed in the present study. Two additional AP2 genes, TaPARG -2A and TaPARG -2D, were recently identified and showed pleiotropic effects on plant architecture and yield-related traits (Li et al. 2016) . In rice, the shattering abortion1 gene was isolated as an AP2 transcription factor to control seed shattering, floral organ development, and seed set rate as well as seed size and shape (Zhou et al. 2012) . These studies suggest that AP2 genes have conserved roles between Arabidopsis and cereals in determining both flower characteristics and yield traits, and could be utilized for future crop improvement.
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